Abstract: We demonstrate rational harmonic mode-locking of a fiber optical parametric oscillator (FOPO) in which the parametric gain serves as an all-optical mode-locker. A pulse train with a repetition rate from 10 to 30 GHz is generated using a 10-GHz optical clock signal. The generated pulses have a pulsewidth of $9 ps, a root-mean-square (RMS) timing jitter of $300 fs, and a wavelength tunable to more than 20 nm.
Introduction
Optical sources that can generate high-repetition-rate short-duration pulses are important for optical time-division multiplexing (OTDM) systems and all-optical signal processing. Mode-locked fiber ring lasers have been investigated intensively in recent years because of their ability to generate wavelength-tunable transform-limited optical pulses with high repetition rate ($GHz). In these mode-locked fiber lasers, the modulation frequency f m usually equals an integer multiple of the cavity resonance frequency f cav (i.e., f m ¼ nf cav ), leading to a laser output with the same frequency as that of the input (i.e., f out ¼ f m ); this is referred to as harmonic mode-locking where n is the harmonic order. However, the repetition rate of the pulse train from harmonic mode-locked fiber lasers is limited to the bandwidth of electrooptic modulators and RF driving electronics. Therefore, it is difficult to generate optical pulses with very high repetition rate using conventional mode-locking methods. To overcome this problem, rational harmonic mode-locking has attracted a great deal of interest [1] - [5] . Optical pulses with a repetition rate of pðf m þ f cav =pÞ can be generated if the modulation frequency is detuned by f cav =p from the harmonic frequency f m , where p is the rational harmonic order.
In most rational harmonic mode-locking experiments, low-frequency LiN b O 3 electrooptic modulators are used in the cavity as the mode-locking element and high-order rational harmonics are required to achieve a high repetition rate. However, the output pulse train exhibits amplitude fluctuations due to the random oscillation of lower-order rational harmonic modes in the cavity (the fluctuations increase with the rational harmonic order). As a result, complex configurations are required to equalize the amplitudes of the mode-locked output pulses [6] - [8] . Alternatively, we can use intermediate-frequency driving signals with low-order rational harmonics to generate pulses with a high repetition rate. Like in [2] , a 200-GHz pulse train was generated with a 40-GHz driving signal applied to a 40-GHz electrooptic modulator.
In this paper, we demonstrate wavelength-tunable, 30-GHz pulse train generation from a rational harmonic mode-locked fiber optical parametric oscillator (FOPO) using a 10-GHz driving source. A proof-of-concept experiment was demonstrated before [9] , but lack detailed analysis on the system performance such as the variation of pulsewidth, root-mean-square (RMS) timing jitter, and timebandwidth product as a function of wavelength. Moreover, a 10-GHz mode-locked fiber laser was used as the driving source which increases the cost of the system, while no improvement in the pulsewidth (i.e., shortening of the pulsewidth) was obtained. On the other hand, in this paper, we characterize the system performance in terms of the pulsewidth, RMS timing jitter, time-bandwidth product, wavelength tuning range, and supermode noise suppression ratio. In particular, we use a 10-GHz optical clock signal with 33% duty cycle as the driving source and generate optical pulses with a pulsewidth of $9 ps. In addition, we find that optical pulses with very low RMS timing jitter ($300 fs) can be generated without any regenerative feedback loop or active cavity stabilization technique. Moreover, no pulse amplitude equalization technique is used in this experiment.
Operating Principle and Experimental Setup
Fiber optical parametric amplification (FOPA) is a nonresonant, nonlinear effect based on ð3Þ in silica fiber [10] . In the case of degenerate parametric amplification, two photons from the pump are annihilated while both the signal and a new frequency component (called the idler) each gain one photon. FOPOs [11] , which take advantage of FOPA gain, have attracted considerable interest recently due to their excellent performance compared with their bulk optical parametric oscillator counterparts based on ð2Þ crystals [12] . The cavity gain of our rational harmonic mode-locked FOPO is provided by both an erbium-doped fiber amplifier (EDFA) and parametric gain. The EDFA gain is set below the cavity threshold so that continuous-wave (CW) operation will not occur. The parametric gain is provided by an optical pump (i.e., an optical clock signal) through energy conversion from the pump to the signal and the idler in silica fiber. The time-varying pump signal modulates the cavity gain above and below the cavity threshold periodically so that active mode-locking is achieved. Thus, the parametric gain functions as both a gain medium and an all-optical mode-locker. If the modulation frequency of the pump signal is n times that of the cavity resonance frequency, there will be n pulses circulating in the cavity; each pulse passes through the mode-locker at the time when there is also an incoming pulse from the pump signal (i.e., the mode-locker provides the maximum gain) in each round trip. This kind of active harmonic mode-locking has been demonstrated in FOPOs [13] , [14] . However, in the case of rational harmonic mode-locking, the modulation frequency of the pump signal is detuned from the harmonic frequency by a fraction of the cavity resonance frequency f cav =p. If the modulation frequency is decreased by f cav =2, then each pulse is delayed by half of the modulation period. Therefore, it will pass through the mode-locker when there is no parametric gain in the second round trip. But the pulse will not vanish because the EDFA gain can still compensate part of the cavity loss until the pulse arrives at the mode-locker at its maximum gain point in the next round trip. Since every pulse experiences the maximum gain in every second round trip, the repetition rate is doubled. Higher order rational harmonic mode-locking can be explained in the same manner.
Since adjacent pulses will experience different gain/loss in one round-trip, there is intrinsic amplitude fluctuation in the rational harmonic mode-locking process [1] . This fluctuation is larger for higher rational harmonic order. At the same time, the proposed FOPO will suffer from supermode noise due to the long relaxation time of the erbium ions and the small cavity resonance mode spacing [8] . These constitute the main sources of amplitude noise in rational harmonic mode-locking.
The experimental setup of the rational harmonic mode-locked FOPO is shown in Fig. 1 . A tunable laser source (TLS) at 1556.5 nm serves as the pump signal which is modulated by a 10-GHz sinusoidal wave using a Mach-Zehnder electrooptic modulator (MZM). The duty cycle of the optical clock signal is 33%. Then, it is amplified by EDFA1 to an average power of 70 mW before being launched into a spool of highly nonlinear fiber (HNLF). The HNLF is 1 km long with a zerodispersion wavelength at 1552 nm, a dispersion slope of 0.02 ps/nm 2 /km, and a nonlinear coefficient of 10 W À1 km À1 . A circulator is used to ensure unidirectional operation. Two wavelength division-multiplexing couplers (WDMCs) are used to combine and split the pump and the oscillating signals, respectively. A C/L band coupler is also used to suppress the undesired L-band idlers and noise. A tunable bandpass filter (TBPF) with a bandwidth of 1.6 nm is used to select the required output wavelength. The cavity loss (without EDFA2) is measured to be 15.4 dB, which mainly comes from the TBPF ($6 dB) and four optical couplers (OCs; $5 dB). EDFA2 can provide an open-loop small-signal gain of about 14 dB while the parametric gain overcomes the rest of the cavity loss. Since the parametric gain is low, we do not need to suppress Stimulated Brillouin Scattering (SBS). In addition, the low gain will help to reduce amplitude variations between adjacent pulses. Fifty percent of the oscillating light is coupled out of the cavity through a 3-dB OC while the rest is re-injected in the cavity. A tunable optical delay line (TODL) is used to adjust the cavity length so that the cavity resonance frequency is changed correspondingly. In this experiment, we change the cavity resonance frequency (via the TODL) to meet the rational harmonic mode-locking condition instead of changing the modulation frequency. Since none of the optical components in the laser cavity is polarization-maintaining, polarization controllers PC2 and PC3 are used to align the state of polarization (SOP) of the pump and the signal so that maximum parametric gain can be achieved. The output pulses are monitored and measured using an optical spectrum analyzer (OSA) with a resolution bandwidth of 0.06 nm, an optical sampling module connected to a digital communication analyzer (DCA) with an impulse response of 7.7 ps, and an electrical spectrum analyzer (ESA) with 40-GHz bandwidth. Timing jitter measurements are made using the DCA (triggered with a precision timebase) operating in sample mode with a persistence time of 300 ms (the jitter noise floor is 200 fs). During the measurements, only the TODL needs to be adjusted. This is because the cavity length will drift with time due to temperature changes and environmental perturbations, which can desynchronize the modulation frequency and the cavity resonance frequency. For long-term operation, the stability can be increased by adding a feedback loop [15] . 
Results and Discussions

10-GHz Pulse Train Generation
First, we adjust the cavity length so that the modulation frequency is a harmonic of the cavity resonance frequency. A 10-GHz pulse train is generated which is shown in Fig. 2 . The output wavelength can be tuned from 1528.7 nm to 1552.5 nm, which is almost 24 nm. We expect the same tuning range in the Stokes band because of the symmetric property of the parametric gain with respect to the pump frequency (we could not perform any measurements since the TBPF does not operate in the L-band). Thus, the total wavelength tuning range should be about 48 nm. It is worth noting that the tunable range of the output pulses is limited by the available bandwidth of the EDFA inside the cavity and of the parametric gain. Specially doped EDFAs can amplify signals in both C-and L-bands [16] while parametric gain over hundreds of nanometers have also been demonstrated [17] , [18] , depending on the characteristics of the HNLF such as length and dispersion as well as the pump power and wavelength. Moreover, broadband parametric gain can be obtained using shorter lengths of dispersion-flattened HNLF and a high pump peak power. In our experiment, the tuning range of our FOPO is limited by the components available.
The RMS timing jitter of the generated mode-locked pulses is around 300 fs over the entire tuning range. The minimum jitter was measured to be 258 fs at 1548.5 nm, which is extremely low, considering that we did not use a regenerative feedback loop or active cavity length control. It was reported in [19] that for the conventional mode-locked FOPOs, the RMS timing jitter is around 710 fs, while for regeneratively mode-locked FOPOs, the timing jitter could be reduced to 230 fs. However, an ultralow-jitter self-starting electroabsorption modulator based optoelectronic oscillator (EAM-OEO) is required as the pump source for regenerative mode-locking [19] . On the other hand, our approach can generate mode-locked pulses with a timing jitter performance that is comparable to that using a regenerative feedback loop while maintaining low cost. The ultralow timing jitter may be attributed to the lack of pump phase modulation which is usually required in conventional mode-locked FOPOs [14] . This is because the cavity gain is provided by both the EDFA and the parametric gain; therefore, the pump power required is not high and it is not necessary to suppress SBS. The random pump phase modulation may cause instability of the oscillating modes and may also be converted to intensity noise when propagating in the dispersive cavity. We confirmed this by applying a random phase modulation to the pump and found that the RMS timing jitter increased to about 600 fs.
The pulsewidth of the input pump pulse is 33 ps while that of the output mode-locked pulse is around 9 ps over most of the tuning range. Thus, we have achieved a shorter output pulsewidth compared to other mode-locked FOPOs that use a clock signal from a synthesizer as the driving source (which produce pulses of 24 ps [14] and 18 ps [20] ). The increase in pulsewidth beyond 1551 nm is due to the large loss of the WDMCs (which have a cutoff wavelength at 1551.39 nm) and relatively low parametric gain in this region. The significant reduction in pulsewidth is the result of successful mode-locking and may be due to the exponential gain property of the parametric amplification with respect to the pump power [21] . The time-bandwidth product of the generated pulse is around 0.7 which indicates that the pulse is not transform-limited. This is due to nonlinear phase shift arising from self-phase modulation and cross-phase modulation in the laser cavity. However, it can be compensated by dispersion management in the cavity [19] . The RF spectrum shows that the supermode noise suppression ratio is larger than 65 dB indicating a small timing jitter and amplitude noise. The spectral peaks in the OSA trace have a wavelength spacing of $0.08 nm indicating the pulse train has a repetition rate of 10 GHz. The average output power is around 3 mW. It can be increased by increasing the EDFA gain and the pump power and will be limited by other nonlinear effects such as self-phase modulation and SBS.
20-GHz Pulse Train Generation
Next, we change the cavity length so that the modulation frequency is detuned from the harmonic frequency by half of the cavity resonance frequency. In this way, second-order rational harmonic mode-locking is realized and a 20-GHz pulse train is generated as shown in Fig. 3 . The wavelength can be tunable from 1532.5 nm to 1551.7 nm, corresponding to a tuning range of 19.2 nm. Since a larger cavity loss is applied to each circulating pulse while the parametric gain remains the same, the tuning range for 20-GHz operation is smaller than that for 10 GHz. Although the parametric gain bandwidth can be increased by increasing the pump power, amplitude fluctuations will appear on the pulses because of a higher saturation power of the parametric gain. Therefore, the gain bandwidth can only be increased by optimizing the HNLF parameters. The RMS timing jitter is around 300 fs from 1540.8 nm to 1551.7 nm and is higher at the shorter wavelengths. The pulsewidth is again around 9 ps and the time-bandwidth product is around 0.7 over most of the tuning range, which is similar to the results obtained for 10-GHz mode-locking. The supermode suppression ratio is about 60 dB showing that the timing jitter and the amplitude noise is still quite low, but not as good as that for 10-GHz operation. The spectral peaks in the OSA trace now have a wavelength spacing of $0.16 nm which indicates that the pulse train has a repetition rate of 20 GHz. There are also small 10-GHz spectral peaks observed in the spectrum which cause very small amplitude fluctuations in the waveform as shown in Fig. 3(a) . The average output power is around 3 mW. However, the output power cannot be increased by increasing the EDFA gain and the pump power, because it can lead to greater amplitude fluctuations between adjacent pulses due to a higher saturation power of the amplifier. One possible means to increase the output power is to increase the output coupling ratio.
30-GHz Pulse Train Generation
Finally, 30-GHz rational harmonic mode-locking is realized by changing the cavity length so that the modulation frequency is detuned by a third of the cavity resonance frequency from the harmonic frequency. The waveform and the corresponding characteristics are shown in Fig. 4 . The tuning range of the FOPO is 19.4 nm from 1532.4 nm to 1551.8 nm, which is almost the same as the 20-GHz modelocking result. The RMS timing jitter increases to around 400 fs, which indicates that the FOPO becomes more unstable under a higher-order rational harmonic order. This is expected because each pulse has to travel three cavity round trips in order to be amplified at the mode-locker. So the effective cavity length is tripled compared with the conventional harmonic mode-locking and therefore operation is more vulnerable to environmental perturbations. Less timing jitter could be obtained with shorter cavity length by using HNLF with higher nonlinearity [16] . The pulsewidth decreases to about 8 ps compared with 10-and 20-GHz operation. This agrees with the theoretical predictions shown in [22] . The time-bandwidth product increases to about 0.8 and the supermode suppression ratio is over 50 dB. From the OSA trace, it can be found that the wavelength spacing between the dominant spectral peaks is $0.24 nm while some small peaks also appear which are 0.08 nm and 0.16 nm away from their adjacent peaks. These 10-and 20-GHz spectral components cause the small amplitude variations between adjacent pulses as shown in Fig. 4(a) . This is an intrinsic problem in higher order rational harmonic mode-locking which is due to the random oscillation of the lower-order rational harmonic modes (i.e., 10-and 20-GHz modes). Again, the average output power is around 3 mW, which can be increased by changing the output coupling ratio.
Conclusion
We have demonstrated rational harmonic mode-locking of a FOPO at 30 GHz. The cavity gain is provided by both an EDFA and parametric gain while the mode-locking mechanism is the parametric gain in the HNLF. First, we demonstrate a 10-GHz harmonic mode-locked FOPO in which stable optical pulses with short-duration ($9 ps) and ultralow RMS timing jitter ($300 fs) are generated. The jitter performance is almost as good as that in regenerative mode-locked FOPOs. Next, 20-and 30-GHz rational harmonic mode-locking are demonstrated. The pulsewidth decreases slightly with an increase in the rational harmonic order, while the timing jitter becomes larger. By using an HNLF with larger nonlinearity and shorter length, the timing jitter can be reduced. The tuning range of the FOPO is about 20 nm in the anti-Stokes band while the whole tuning range could be 40 nm when combined with the Stokes band; this range can be increased using an HNLF with shorter length and flatter dispersion curve. Since the mode-locker is the parametric gain in optical fiber which has a fast response time ($fs), this technique has the potential to generate 9 120-GHz pulse trains using a 40-GHz optical driving source. Because of the cavity length drift due to temperature changes and environmental perturbations, the FOPO can have stable operation for at least half an hour. However, a feedback loop can be utilized to enhance the system stability for practical use. Since the rational harmonic order is low, we do not need pulse amplitude equalization techniques so that a low cost can be maintained. We believe this technique has great potential as a low-cost high-speed optical source for OTDM and all-optical signal processing applications.
